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The  temperature  inﬂuence  over  the intrachain  recombination  dynamics  between  oppositely  charged
bipolarons  has  been  theoretically  investigated  using  a version  of the Su–Schrieffer–Heeger  model.  Thevailable online 19 September 2014
results  shown  that, below  of  a  critical  temperature  regime,  these  charge  carriers  can  recombine  into  a
biexciton.  This  excited  state  is a  light emissive  specie  that  can  emit  one  photon  and  turn  into  an  exciton
state.  This  specie  can  thereafter  decay  to the  ground  state  by  other  photon  emission.  This  knowledge  can
enlighten  the  understanding  needed  to improve  the  internal  quantum  efﬁciency  of electroluminescence
in  Polymer  Light  Emitting  Diodes.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Since the discovery of poly(paraphenylene vinylene) (PPV) and
ts electroluminescence properties, there has been intensive efforts
o understand the physical processes necessary to improve the
fﬁciency of Polymer Light Emitting Diodes (PLEDs) [1]. Consid-
rable quantities of theoretical studies, focusing on this objective,
ave been performed by ﬁnding channels for the recombination
etween polarons [2–4], bipolarons [5,6], polarons and bipolarons
6], polarons and excitons [7], and bipolarons and excitons [8]. Nev-
rtheless, studies considering the temperature inﬂuence on such
rocesses remains lacking both theoretically and also experimen-
ally.
Bipolarons can be created in PLEDs when the charge injection
esults in a considerable concentration of polarons. Two  acoustic
olarons with the same charge and antiparallel spins, for exam-
le, can recombine in order to form an acoustic bipolaron. In
hese devices, the generation of excited states is a fundamen-
al physical process. Particularly, it is believed that bipolaron
ecombination is one of the key steps behind the mechanism of
lectroluminescence in PLEDs. Recently, Di and coworkers used
∗ Corresponding author.
E-mail addresses: luiju@ifm.liu.se (L.A. Ribeiro Junior), gargano@unb.br,
argano@ﬁs.unb.br (R. Gargano).
ttp://dx.doi.org/10.1016/j.cplett.2014.09.036
009-2614/© 2014 Elsevier B.V. All rights reserved.the Su–Schrieffer–Heeger (SSH) and the extended Hubbard mod-
els to simulate the bipolaron recombination process in conjugated
polymers [5]. Their results show that two  bipolarons can scatter
into singlet biexciton states in both mono-layer and multiple-
layer electroluminescence polymeric materials. Sun and Stafström
have simulated the same process depicting the effects of the
electron–electron interactions for a system composed by two  cou-
pled conjugated polymer chains [9]. Their results indicate that there
are four channels for the bipolaron recombination: (1) forming a
biexciton, (2) forming an excited negative polaron and a free hole,
(3) forming an excited positive polaron and a free electron, and
(4) forming an exciton, a free electron and a free hole. Our recent
previous research has also shown that the presence of impurities
in a conjugated polymer lattice, for several electric ﬁeld regimes,
favors the excited states formation and also improves the exci-
tation yields when the scattering between an oppositely charged
bipolarons is considered [6]. There are, however, still many contro-
versial aspects regarding the inﬂuence of physical process such as
electric ﬁeld strength, electron–electron interactions, temperature,
and impurity effects on the formation of excited states via collision
process between oppositely charged carriers, which claims better
phenomenological descriptions.In this contribution, a systematic numerical investigation
considering the inﬂuence of an external electric ﬁeld, Coulomb
interactions, and temperature effects on the formation of excited
states via recombination process between an oppositely charged
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ical process where an biexcitonic state is formed directly after the
recombination between the bipolarons, is presented in Figure 2(a).
Initially, the electron–bipolaron is located at the 60th site while
the hole–bipolaron is at 150th site. The two  charge carriers are52 L.A. Ribeiro Junior et al. / Chemic
ipolaron pair is performed using a cis-polyacetylene chain. These
xcited states (biexcitons) are very important due to the fact that
hey can decay to an exciton, which can subsequently decay to the
round state, emitting two photons throughout the process. In this
ay, the understanding of these important processes may  provide
uidance to improve electroluminescence yields in PLDEs.
. Model and method
The model Hamiltonian is given by H = HSSH + Hee. HSSH is the
SH-type Hamiltonian [10,11] that assumes the following form:
SSH = −
∑
n,s
(tn,n+1C
†
n+1,sCn,s + h.c.) +
∑
n
K
2
y2n +
∑
n
p2n
2M
, (1)
here n indexes the sites of the chain. In the classical part
f HSSH (lattice backbone) K represents the harmonic constant
hat describes a  bond, M is the mass of a CH group, and pn
s the conjugated momentum to un, which is the lattice dis-
lacement of an atom at the nth site. Considering the electronic
art of HSSH, the operator C
†
n,s (Cn,s) creates (annihilates) a -
lectron state at the nth site with spin s, tn,n+1 is the transfer
ntegral [12], given by tn,n+1 = e−iA(t)[(1 + (− 1)nı0)t0 − ˛yn], where
n is deﬁned as yn ≡ un+1 − un, t0 is the transfer integral of a
-electron between nearest neighbor sites in the undimerized
hain,  ˛ is the electron–phonon coupling constant, and ı0 is the
razovskii–Kirova-type symmetry-breaking term. In the transfer
ntegral expression  ≡ ea/(  c) with e being the absolute value of
he electronic charge, a is the lattice constant, and c is the speed
f light. The electric ﬁeld is included in the Hamiltonian as a scalar
otential A having the time dependence in the form of a half Gauss-
an [13,14].
The term Hee in the model Hamiltonian denotes the contribution
f the electron–electron interactions and can be written as
ee = U
∑
i
(
C†
i,↑Ci,↑ −
1
2
)(
C†
i,↓Ci,↓ −
1
2
)
+ V
∑
i
(ni − 1) (ni+1 − 1) , (2)
here U is the on-site and V the nearest-neighbor Coulomb repul-
ion strengths and ni = C†i,↑Ci,↑ + C
†
i,↓Ci,↓ [15]. The parameters used
ere are t0 = 2.5 eV, M = 1349.14 eV × fs2/ A˚2, K = 21 eVA˚−2, ı0 = 0.05,
 = 4.1 eV A˚−1, a = 1.22 A˚, and a bare optical phonon energy ωQ =√
4K/M = 0.16 eV. These values have been used successfully in
revious simulations [16–22].
The lattice backbone dynamics is carried out by means of the
uler-Lagrange equations, that lead to a Newtonian equation
n(t) = Mu¨n(t)
= −K[2un(t) − un+1(t) − un−1(t)]
+ ˛[Bn,n+1(t) − Bn−1,n(t) + Bn+1,n(t) − Bn,n−1(t)], (3)
here, Fn(t) represents the force on the nth site. Here, the
erm Bn,n′ (t) =
∑′
k,s 
∗
k,s (n, t) k,s (n
′, t) couples the electronic
nd lattice solutions [23]. The primed summation represents a
um over occupied states. Fn(t) can be numerically integrated
sing the method un(tj+1) = un(tj) + u˙n(tj)t and u˙n(tj+1) = u˙n(tj) +
Fn(tj)/M)t. The time dependent wave functions are constructed
sing a linear combination of instantaneous eigenstates of the
lectronic part of HSSH. The solutions of the time-dependent
crhödinger equation can be written in the formsics Letters 614 (2014) 151–155
 k,s
(
n, tj+1
)
=
∑
l
[∑
m
∗l,s
(
m, tj
)
 k,s
(
m, tj
)]
× e(−iεlt/)l,s
(
n, tj
)
. (4)
{l(n)} and {εl} are the eigenfunctions and the eigenvalues of the
electronic part of HSSH at a given time tj [24]. Here, the temperature
effects are simulated as detailed in one of our recent researches [3].
It should be emphasized that this procedure of including thermal
effects by means of a Langevin Equation has been extensively used
in the literature with a good track record [14,25–32].
3. Results
The recombination dynamics between the oppositely charged
bipolaron pair is performed in systems composed of 200-site cis-
polyacetylene chains with periodic boundary conditions. For the
electric ﬁeld, turned on quasi-adiabatically [14], the values used
in the simulations varied from 0.5 to 2.0 mV/A˚ with an increment
of 0.5 mV/A˚, whereas the temperature regimes considered ranged
from 50 to 300 K with a step of 25 K. The on-site and nearest-
neighbor electron–electron interactions considered are U = 0.2t0
and V = U/2, respectively. In this context, Figure 1 presents the
schematic diagram of energy levels for a lattice containing a
hole–bipolaron (positive carrier) and an electron–bipolaron (nega-
tive carrier). These charge carriers are formed removing or adding
electrons to the polymer chain, causing lattice distortions and the
rising of energy levels to the inside of the band gap. A single polymer
chain containing the hole–bipolaron, is represented by the absence
of two  electrons in the HOMO-1 and LUMO+1 levels, which yields
a +2e charge. On the other hand, an electron–bipolaron is repre-
sented by the levels HOMO and LUMO, in which both levels are
occupied by two electrons, thus yielding a −2e net charge.
We start the discussion presenting the biexciton formation
due to the bipolaron recombination under a temperature regime
of 150 K and an electric ﬁeld strength of 1.5 mV/A˚, as shown in
Figure 2. The temporal evolution of the staggered bond-length
y¯(t) = (−1)n[yn−1(t) + 2yn(t) + yn+1(t)]/4, that depicts the dynam-Figure 1. The schematic diagram of energy levels for a polymer chain containing an
electron–bipolaron and a hole–bipolaron.
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an interesting behavior regarding the biexciton states structure inigure 2. (a) Staggered bond-length and (b) mean charge density time evolution for
n  electric ﬁeld strength of 1.5 mV/A˚ and temperature regime of 150 K.
eparated far enough from one another so that they behave as inde-
endent structures. After a small transient time for the electric ﬁeld
esponse, the bipolarons begin to move toward each other due to
heir opposite charges. However, at approximately 50 fs the adding
p of thermal energy begins to become considerable and the bipo-
arons start to perform a random walk along the chain inﬂuenced
y the thermal random forces. The bipolaron dynamics before the
ollisional processes occurs as described in the literature [13,19].
t around 600 fs, when the bipolarons begin to interact, one can
ee that they quickly recombine into a well localized structure,
ielding the formation of only one neutral excited state. In this
rocess, their wave functions begin to overlap strongly and, as a
esult of the Coulomb interactions, the two bipolarons are attracted
o each other loosing their kinetic energy acquired from the elec-
ric ﬁeld. The Coulomb interactions together with the self-trapped
tate, produce a singlet biexciton deformation by transferring two
lectrons from the negative bipolaron to the positive one. Also, it
an be seen that after about 100 fs, the adding up of thermal energy
egins to become visible through the blurring of the ﬁgure. Another
mportant aspect can be noted in Figure 2(a) comparing the lattice
eformation for the biexciton with the lattice defect that character-
zes a bipolaron. The lattice distortion for the biexciton is wider than
hat for the bipolaron, which shows that the distortion for neutral
xcitations involve a higher number of sites. Also, the red regions,
ot present in the bipolaron lattice defects, indicates a higher level
n deformation of the lattice, which suggests that biexcitons are
tructures as stable as bipolarons.sics Letters 614 (2014) 151–155 153
The results of this process can be further clariﬁed by analyz-
ing the temporal evolution of the mean charge density 	(t) =
1 − [	n−1(t) + 2	n(t) + 	n+1(t)]/4 before and after the recombina-
tion, as shown in Figure 2(b). Immediately after the bipolarons
collision, their charges cancel each other. It can be conjectured
that this charge cancellation process occurs due to the excited
state formation. Figure 2(b) also shows that there is a slight net
charge coupled to the biexciton lattice deformation that is induced
by the lattice ﬂuctuations caused by thermal random forces. This
channel for the bipolaron pair recombination is only observed for
electric ﬁelds strengths between 1.5 and 2.0 mV/A˚ and temper-
ature regimes smaller than 200 K. For temperature higher than
this critical value, the bipolaron motion is damped avoiding the
interaction between the charge carriers. The lattice ﬂuctuations
reach such high amplitudes that the bipolarons are annihilated
in the collision. This situation is similar to the one proposed in
one of our recent works [6]. Furthermore, the system presented
in Figure 2(b) yields an neutral excited state with a better rate than
those previously reported in this previous research, where exactly
the same kind of calculations were performed in absence of tem-
perature effects. In this study it was obtained that, for electric ﬁeld
strengths between 1.0 and 2.0 mV/A˚, an inelastic scattering pro-
cesses between oppositely charged bipolarons into an mixed state
composed of bipolarons and excitons took place. Considering the
temperature effects over the system, the same behavior is obtained
in the present work for electric ﬁelds strengths between 1.0 and
1.5 mV/A˚ and temperature regimes smaller than 150 K. It is believed
that the lattice ﬂuctuations and the high energy of phonons pro-
vided by the inclusion of thermal effects – absent in results reported
in reference [6] – are responsible for this yield for the biexciton
formation.
In order to better understand the properties of the localized
excitation formed after the recombination, it is useful to discuss
the changes of the electronic structure of the system in the pro-
cesses by means of the time evolution of the intra-gap levels and
their occupation numbers [25]. During the transient regime (from
0 to 600 fs), the occupation number of the LUMO (HOMO) level
sharply decreases from 2 to 0 whereas the occupation number of
LUMO+1 (HOMO-1) sharply increases from 0 to 2. This change in
occupation number reﬂects the fact that these two levels inter-
change positions. Particularly, the electron transfer associated with
this change occurs due to the fact that the wavefunction associ-
ated with this level spreads over the whole chain. After 600 fs, the
nondegeneracy among the levels becomes signiﬁcant by the inter-
play between electric ﬁeld, the electron–electron interactions, and
by the coupling between the two bipolarons when they starts to
merge. From that moment, the interchange between the positions
of the energy levels is no longer observed. The electronic transfer
between the levels that leads to the biexciton production can be
followed by analyzing the time evolution of the occupation num-
bers as shown in Figure 3. This ﬁgure shows the time evolution of
the occupation numbers for the intra-gap levels related to Figure 1.
After a transient period in which the occupation number oscillates
due to the interaction, it is possible to note that the ﬁnal state in
the LUMO+1 level is covered by almost two  electrons, whereas the
occupation for the LUMO level falls dramatically close zero after
roughly 700 fs. Also, the small remaining fraction of the LUMO
level, which is not transferred to LUMO+1, decays to the HOMO
level resulting in an photon emission process. Analogously to the
occupation process for the LUMO+1, the HOMO level receives the
electron transferred from the HOMO-1. However, in this case, only
one electron is transferred among these levels. This process depictswhich such excited states can be formed by a suitable balance in the
transfer of three electrons between the intra-gap levels. The ﬁnal
conﬁguration for the occupation numbers reported here results
154 L.A. Ribeiro Junior et al. / Chemical Phy
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Figure 3. Time evolution of the occupation number.
n a lattice where a bipolaron defect is absent and only one well
eﬁned deformation is observed after the recombination process.
n this way, these results indicate that, in general, mechanisms
uch as electron transfer among the levels and photon emission
ill induce the formation of biexciton states by two  means: from a
ipolaron recombination process at temperature regimes below of
50 K. Otherwise a dimerized lattice (similar to the case reported in
eference [6]) will take place for temperatures higher than this crit-
cal value, considering useful electric ﬁeld strengths for technologic
pplications in conjugated polymers between 1.0 and 2.0 mV/A˚.
While the occupation number analysis is the most suitable tool
n studying the process that leads to the formation of new species
uch as excited states, the stability of the quasi-particles is bet-
er described by the time evolution analysis of the energy levels.
e ﬁnish our discussion by presenting in Figure 4 the time evolu-
ion proﬁle of the intra-gap energy levels of the simulations shown
n Figure 2. As can be seen from Figure 4, at the beginning there
re four intra-gap levels, which are localized electron states caused
y the presence of the bipolarons in the lattice. According to their
ave functions, we know that the purple and red lines correspond
o the positive bipolaron levels HOMO-1 and LUMO, while the
reen and blue levels are related to the negative bipolaron levels
OMO and LUMO+1, respectively. At the beginning of the simu-
ation the degenerate levels become nondegenerated due to the
emperature inﬂuence and the electron–electron interactions. The
ecombination process between the bipolaron pair is noted to take
lace at approximately 650 fs, when the LUMO and HOMO-1 levels
ove to the conduction and valence band respectively, whereas
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Figure 4. Time evolution of energy levels at the gap.sics Letters 614 (2014) 151–155
the HOMO and LUMO+1 levels move towards the midgap region.
Also, the resulting phonons produced from the recombination pro-
cess are represented by the deeper oscillations of the energy levels
inside the band gap. The ﬁnal conﬁguration of the energy levels
shows a physical picture where both bipolarons are annihilated
and one biexciton arises after the interaction between the original
charge carriers. Still according to their wave functions, we know
that the biexciton energy levels present a deeper narrowing when
compared to those of the bipolaron. This fact suggests that the
biexcitons structure are more stable than bipolarons. Furthermore,
the oscillations presented by the energy levels in all the process
are resulting from the motion of the carbons sites of the lattice
inﬂuenced by the thermal random forces.
Finally, it is worth to mention some important aspects regarding
the light-emissive characteristic of the biexciton. This neutral
excited structure is represented by two intra-gap localized states
(as shown in Figure 4), in which the upper one is doubly occupied
whereas the lower one lies empty. The wavefunctions associ-
ated with these localized energy levels have opposite parity.
Theoretical investigations have shown that the radiative process
BIEXCITON → EXCITON + h
 has large transition dipole moments
(8.8 eA˚). In this way, the biexcitonic state can decay to an exciton
state by one photon emission [5]. Subsequently the emission, the
biexciton becomes a singlet exciton. The resulting excitonic state
has also two  localized intra-gap energy levels with opposite parity,
where these levels are now occupied by one electron with oppo-
site spin. Moreover, the results have indicated that the radiative
process EXCITON → GROUND STATE + h
 also has large transition
dipole moments (5.5 eA˚), which are the same order of magnitude
as those of the biexciton. After that, the exciton state can decay to
the ground state by emitting one photon.
4. Conclusions
In summary, using a tight-binding electron–phonon interaction
model modiﬁed to include temperature effects, external electric
ﬁeld, and electron–electron interactions, the recombination pro-
cesses between an electron–bipolaron and a hole–bipolaron has
been simulated in a conjugated polymer lattice. The results show
that, depending on the considered situation, there are two differ-
ent channels resulting from the recombination between charged
bipolarons. For a given regime, there exists a critical temperature
value, below which a biexcitonic state is directly formed. Differ-
ently, a dimerized lattice is the resulting product of the collisional
process, when the temperature is higher than the critical value.
Furthermore, it is found that both channels depend sensitively on
the strength of the applied electric ﬁeld. Obtaining such different
regimes and the critical temperature values needed to reach one
or the other channel is crucial to fully control the charge carrier
density in conductive polymers. These signiﬁcant results reveal
remarkable details concerning the bipolaron recombination mech-
anism and provide guidance to understanding electroluminescence
process in Polymer Light Emitting Diodes.
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